To document the changes in serum serotonin, adrenocorticotrophic hormone (ACTH), corticosterone levels and select biochemical parameters in response to inhalant anaesthesia, 20 New Zealand White (NZW) rabbits were assigned to two treatment groups: halothane and isoflurane. Induction of anaesthesia was achieved using a face mask (3.5% halothane and 4.5% isoflurane in oxygen) followed by endotracheal intubation and maintenance of anaesthesia for 30 min (1.5% halothane and 2.5% isoflurane in oxygen). Blood samples were obtained before anaesthetic induction, and at 1, 10, 30, 60, 120 min and 24, 48 and 72 h after endotracheal intubation. Serum serotonin and corticosterone levels were measured by competitive enzyme immunoassay, ACTH by radioimmunoassay. Serum glucose, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), blood urea nitrogen (BUN) and creatinine levels were measured using an automated analyser. Significant increases in serum ACTH and corticosterone levels occurred after halothane administration while serum serotonin levels did not change. An increase in serum corticosterone and serotonin levels occurred in the isoflurane group but no changes in ACTH concentrations were detected. Administration of halothane significantly increased serum glucose, ALT, AST, BUN and creatinine levels. After isoflurane administration, there was a significant increase in serum glucose, AST, BUN and creatinine levels. Based on these results, halothane stimulates the hypothalamic-pituitary-adrenal axis to a greater extent than isoflurane, but isoflurane increases serum serotonin levels. Both anaesthetic agents alter select biochemical parameters. These results should be taken into account when blood samples are evaluated in treated isoflurane or halothane anaesthetized rabbits.
the HPA axis in rats (Hemrick-Luecke & Evans 2002) . However, other studies indicate concentration-dependent facilitatory and inhibitory effects of serotonin on HPA tone (Korte et al. 1991 , Welch et al. 1993 . The relationship between serotonin and the HPA axis is of great importance in normal physiology such as circadian rhythm and stress, as well as pathophysiological disorders including depression, anxiety, eating disorders and chronic fatigue (Hanley & van de Kar 2003) . However, some studies have shown that different volatile agents may stimulate the HPA axis in rats (Karuri et al. 1998) .
Glucose homeostasis is maintained by complex neuroendocrine control mechanisms. Among other factors, anaesthetic agents have been studied as modulators of glucose metabolism during surgery (Johansen et al. 1994) . Alanine aminotransferase (ALT) shows little or no organ specificity in the rabbit, as the ALT activity in heart muscle (per gram of tissue) is similar to that in the liver. The sensitivity of this enzyme as an indicator of hepatocellular disease is limited (Hoffmann et al. 1989) . Increases in aspartate aminotransferase (AST) activity are attributable to liver, cardiac and/or skeletal muscle damage (Bush 1991) . Increases in alkaline phosphatase (ALP) levels are principally associated with cholestasis or steroid induction, whereas a decrease in ALP activity is not considered significant (Bush 1991) . Serum blood urea nitrogen (BUN) levels are commonly used as indicators of renal function, but they may be significantly altered by protein catabolism, protein synthesis or both (Fox 1989) . Creatinine is preferable to BUN, as an indicator of renal function, because it is less affected by non-renal factors that influence blood urea levels (Bush 1991) .
Halothane and isoflurane are potent inhalant anaesthetics. Halothane has a depressant effect on the cardiovascular system, and moderate hypotension occurs at a surgical plane of anaesthesia (Flecknell 1996) . Isoflurane produces more respiratory depression than does halothane, but slightly less cardiovascular depression (Flecknell 1996) .
The present study was undertaken to determine whether the administration of halothane or isoflurane causes alterations in serum serotonin levels and the pituitaryadrenal axis in terms of the rise in adrenocorticotrophic hormone (ACTH) and corticosterone concentrations and to investigate the effects of these anaesthetic agents on selected biochemical parameters so as to avoid misinterpretation of laboratory results in anaesthetized rabbits.
Material and methods

Animals
Twenty female New Zealand White (NZW) rabbits (Oryctolagus cuniculus) (Granja San Bernardo, MDL, Navarra, Spain), weighing 4.170.54 kg (mean7SD), were used. The rabbits were quarantined 15 days prior to use to permit adaptation to environmental conditions, food and water and to allow a daily evaluation of health status. All the rabbits were clinically healthy prior to the study. Animals showed no serological evidence of pathology, and they were free from recognized pathogens (e.g. Pasteurella multocida, Bordetella bronchoseptica, Trychophyton microsporum, Escherichia coli, coccidia, ectoparasites and endoparasites). They were housed in individual wire rod floored cages of stainless steel measuring 48 Â 61 Â 46 cm with a collection pan beneath each cage in a room with controlled environmental conditions: temperature 20-221C, relative humidity 50-55%, 10-15 air changes per hour and a 12 h light-dark cycle. In the procedure room area, the temperature was 20-221C. Rabbits were fed a standard rabbit diet (Purina Lab Rabbit Chow: 150 g/day; Purina, Barcelona, Spain) and provided with fresh water ad libitum. To minimize stress reactions, the rabbits were handled (placed into the restraining cage and blood samples of 1 mL collected) daily for one week before the beginning of experiments. All experimental manipulations were performed during the morning, between 09:15 and 12:45 h. The experimental protocols were approved by the Institutional Animal Care and Use Committee of the Veterinary Faculty of Madrid at Universidad Complutense Madrid (UCM), Spain. All procedures were completed in accordance with the Guide for the Care and Use of Laboratory Animals and conformed with the relevant EU Directive.
Experimental design
The anaesthetic breathing system was an Ayre's T-piece, with Jackson-Rees modification (SurgiVet, Waukesha, WI, USA), and was flushed with oxygen at a flow rate of 4 L/min, for 2 min, to ensure that no residual anaesthetic agent remained in the system. Waste anaesthetic gases were scavenged by a disposable activated charcoal canister attached to the end of the plastic scavenger hose. Oxygen was delivered to the rabbits, via a face mask, at a flow rate of 4 L/min for 2 min. Animals were randomly assigned to two treatment groups (n ¼ 10 per group): halothane group (Fluothane s ; Zé neca Farma, SA, Pontevedra, Spain) and isoflurane group (Isoflurano; Laboratorios Inibsa, SA, Barcelona, Spain). Vaporizer output was verified at the beginning of the investigation.
Anaesthesia was induced with the volatile agent using a face mask. Halothane and isoflurane were delivered from Fluotec Mark III (Cyprane Ltd, Keighley, UK) and Isotec III (Ohmeda, West Yorkshire, UK) vaporizers, respectively. The vaporizer setting was increased by 0.5% every 30 s, rising to a maximum measured, delivered concentration of 3.5% halothane and 4.5% isoflurane. The vaporizer percentages used for the induction and maintenance of anaesthesia were based upon preliminary studies. Both anaesthetics were supplied in a fresh gas flow rate of 4 L/min of oxygen. The anaesthetic gas concentration was maintained at this maximum level until induction was complete, based on loss of righting reflex, pedal withdrawal and auricular reflexes. The trachea was intubated using a 3 mm internal diameter cuffed endotracheal tube, and anaesthetic (1.5% halothane and 2.5% isoflurane) was administered in oxygen (2 L/min). Anaesthesia was maintained for 30 min. Body temperature was maintained by placing the animals on a heating pad. Blood samples were obtained from the central ear artery using 21G needles at nine time points: before induction, and at 1, 10, 30, 60, 120 min and 24, 48 and 72 h after endotracheal intubation. Daily blood samples (approximately 2 mL) were collected from the central ear artery at each time point, and this was replaced with three times the volume of lactated Ringer's solution. The artery was punctured each time. Conscious rabbits were placed into restraining cages for blood sample collection, and for administration of anaesthetics or lactated Ringer's solution, whereas in anaesthetized rabbits these procedures were done without restraint. Blood samples were stored for 2 h at 20-221C (except for blood used for glucose determination, which were analysed within 20 min), centrifuged (Minifuge RF, Heraeus, Hannover, Germany) at 1200 Â g and 41C for 20 min. Serum was separated and frozen at À301C until analysed.
Variables measured
Serum serotonin concentrations were analysed by an enzyme immunoassay (EIA) kit (Serotonin -ELISA, DLD Diagnostika GmbH, Hamburg). Serum ACTH concentrations were analysed by a radioimmunoassay (RIA) kit (DSL-5100 ACTIVE s ACTH Coated-Tube Immunoradiometric Assay Kit; DSL Diagnostic System Laboratories, Inc, Webster, TX, USA). Serum corticosterone was measured by competitive EIA (Illera et al. 1993) . Serum glucose, ALT, AST, ALP, BUN and creatinine levels were measured with a Hitachi 747 autoanalyser (Boehringer Mannheim, Madrid, Spain). The depth of anaesthesia was monitored by means of the pedal withdrawal, ear pinch, palpebral, corneal and righting reflexes (Gonzá lez Gil et al. 2003) . When assessing these reflexes, any movement was considered to be a positive response. Heart rate was calculated from a lead II ECG recording (Bexgraph, Bexen-Osatu, Vizcaya, Spain), and respiratory rate was recorded by visually counting respirations over a 30 s period. Rectal temperature was measured with a rectal Laboratory Animals (2007) 41 thermometer (Thermometer 0331, Panlab, Barcelona, Spain).
Statistics
The Kolmogorov-Smirnov test was performed to determine if data were normally distributed. Data for serum serotonin, ACTH, corticosterone, glucose, ALT, AST, ALP, BUN and creatinine concentrations and heart and respiratory rates are presented as mean7 SEM. Within each treatment group, data were analysed by one-way analysis of variance (ANOVA), followed by the Duncan post hoc test when a significant difference was indicated. Differences were considered significant when Po0.05. The calculations were carried out using a statistical software application (SAS System, SAS Institute Inc, NC, USA).
Results
Body weight
There were no significant differences in body weight (mean7SD) between animals in the halothane group (4.2370.56 kg) and isoflurane group (3.9870.51 kg).
Heart and respiratory rates
Compared with baseline, heart rate was significantly decreased (P ¼ 0.00087) in the halothane group (Table 1) , at 1, 10 and 30 min after endotracheal intubation, while no changes were observed in the isoflurane group (P>0.05) ( Table 2) . Respiratory rate was significantly decreased from baseline (0 min), 1 min after endotracheal intubation in the halothane (P ¼ 0.00006) and the isoflurane (P ¼ 0.00005) groups. Respiratory rate was significantly less than the baseline value during the maintenance of anaesthesia. In the recovery period, these values returned to baseline levels (P>0.05).
Reflexes
All measured reflexes were negative during the maintenance phase of anaesthesia. Loss of the righting reflex occurred at 312756 s during halothane induction and at 255748 s in the isoflurane group. Loss of the pedal Laboratory Animals (2007) 41 414
A Gonzá lez Gil et al. withdrawal and auricular reflexes occurred at 402778 and 396778 s, respectively, in the halothane group and at 360764 and 328768 s in the isoflurane group. The times required for the return of the pedal withdrawal and auricular reflexes, after volatile agent was discontinued, were 176748 and 174752 s, respectively in the halothane group and 140736 and 132736 s in the isoflurane group. The times required for return of the righting reflex were 252758 s in the halothane group and 202742 s in the isoflurane group.
Rectal temperature
Mean rectal temperature was 38.5761C, with no significant differences between groups.
Serum ACTH and corticosterone levels
Serum levels of ACTH were significantly elevated immediately after endotracheal intubation with both halothane (P ¼ 0.00648) (Table 1) and isoflurane (P ¼ 0.03046) ( Table 2) . This increase remained significant during anaesthesia with halothane. However, serum ACTH levels progressively decreased during the maintenance of anaesthesia in the isoflurane group. Thirty minutes after the volatile agent was discontinued, these values returned to baseline levels (P>0.05). Halothane (P ¼ 0.000082) and isoflurane (P ¼ 0.00018) significantly increased serum corticosterone levels during the maintenance of anaesthesia when compared with the baseline levels, and these values returned to pre-anaesthesia levels (P>0.05) at 24 h.
Serum serotonin levels
Serum levels of serotonin were significantly increased (P ¼ 0.00051) from 10 to 120 min after induction with isoflurane (Table 2) when compared with those of the baseline levels. However, serum serotonin levels did not change in the halothane group (Table 1) . 
Serum glucose levels
Serum glucose levels were significantly increased (P ¼ 0.00005) from baseline values at 1, 10, 30, 60 and 120 min in the halothane group (Table 1) , and at 1, 10, 30 and 120 min in the isoflurane group (Table 2) . At 24 h after endotracheal intubation, these values returned to baseline values.
Serum ALT, AST and ALP levels
There was a significant increase (P ¼ 0.02068) from the baseline levels in serum ALT levels at 1, 10 and 60 min in the halothane group (Table 1) . Compared with those of the baseline levels, serum AST concentrations were significantly raised (P ¼ 0.00013) from 1 min to 72 h in the halothane group (Table 1) and at 30 and 120 min (P ¼ 0.01552) in the isoflurane group (Table 2) . No changes (P>0.05) in serum ALP were observed in either group.
Serum BUN and creatinine levels
Compared with those at baseline, there was a significant increase in serum BUN levels at 1, 10, 30, 60 and 120 min in both the halothane (P ¼ 0.00412) (Table 1) and isoflurane (P ¼ 0.00026) ( Table 2) groups.
There was a significant increase in serum creatinine concentration at 1, 10, 30, 60 and 120 min in the halothane (P ¼ 0.00969) and isoflurane (P ¼ 0.00024) groups when compared with baseline levels. At 24 h after endotracheal intubation, these values returned to baseline levels.
Discussion
There is a lack of information regarding the effects of volatile anaesthetics on the HPA axis, serum serotonin and some biochemical parameters in rabbits. Our results showed alteration of selected parameters after the administration of halothane and isoflurane. Serum ACTH and corticosterone levels were increased during the maintenance of anaesthesia with halothane. The hypotension caused by halothane could be an important stimulus for the activation of the HPA axis as described previously in sheep (Taylor 1998 ). Moreover, it has been shown that adrenocortical release was proportional to the end-tidal concentration of halothane in horses (Luna & Taylor 1995) . It is possible that arrhythmogenicity of halothane may also be associated with the adrenocortical response. Arrhythmogenicity has been shown to increase with higher concentrations of halothane (Noda & Hashimoto 2004) and halothane potentiates alpha 1 -adrenoceptor-mediated action of epinephrine that slows conduction in Purkinje fibres and may facilitate re-entrant arrhythmias (Kulier et al. 2000) . However, the effect of isoflurane on the HPA axis is not clear. Serum ACTH concentrations were increased immediately after induction of anaesthesia, probably due to the stress of mask induction and endotracheal intubation, and levels then progressively decreased during the maintenance of anaesthesia. However, serum corticosterone levels were increased immediately after isoflurane administration and remained elevated during the maintenance of anaesthesia, although these levels were less than those found during halothane anaesthesia. An increase in the activity of the HPA axis after isoflurane in humans has been reported (Lattermann et al. 2003) . However, there is no conclusive evidence for a stimulary effect of isoflurane on the stress response (Crozier et al. 1992) . Others have suggested that isoflurane may produce blockade of the HPA axis (Delogu et al. 1999) .
In this study, serum serotonin levels did not change when compared with baseline levels in the halothane group, perhaps due to an inhibitory effect of halothane on the serotoninergic system through the GABAergic system as has been previously described by Tao and Auerbach (1994) . However, we observed a significant increase in serum serotonin levels in the isoflurane group. It is possible that serum levels of serotonin could have some influence on the HPA axis after halothane or isoflurane administration. Serotonin can either facilitate or inhibit HPA axis activity and stress-related physiological or behavioural responses (Lowry 2002) . However, serotonin is only one of numerous neurotransmitters that may play a role in the regulation of pituitary secretion (Fuller & Clemens 1981) .
We observed an increase of serum glucose after both halothane and isoflurane anaesthesia. Halothane has a hyperglycaemic effect in several species, and it has been suggested that it may be due to the inhibition of insulin release from pancreatic cells (Scott & Trick 1982 , Desborough et al. 1998 . Moreover, such a hyperglycaemic effect may be related to activation of the sympathoadrenal system during anaesthesia (Gonzá lez Gil et al. 2005) . There was a transient increase of serum glucose levels after isoflurane anaesthesia, and it is possible that isoflurane inhibits insulin secretion from the pancreatic islets of Langerhans, as has been previously described in rats (Desborough et al. 1993) . It has been suggested that the hyperglycaemic response to isoflurane anaesthesia may be a consequence of both impaired glucose clearance and increased glucose production (Lattermann et al. 2001) .
Both halothane and isoflurane increased serum ALT and AST concentrations. However, the increase of ALT was transient and not significant in the isoflurane group, while serum AST levels were significantly increased until 72 h in the halothane anaesthetized rats. This increase could be a result of hypotension produced at a surgical plane of anaesthesia (Flecknell 1996) . Some hepatic metabolism of halothane occurs and marked liver microsomal enzyme induction usually follows anaesthesia (Flecknell 1996) . It has been suggested that hepatic injury following halothane administration can be produced by intermediates of oxidative metabolism (Rice et al. 1987) . Isoflurane undergoes minimal hepatic biotransformation. In mice, a small or no increase in ALT and AST after isoflurane administration has been reported (Thompson et al. 2002) . Other studies have shown increases in serum AST but not in ALT after isoflurane anaesthesia in children (Kudoh et al. 1997) .
No changes in serum ALP levels were observed after halothane and isoflurane administration in the current study.
The increase in serum BUN and creatinine concentrations observed after halothane and isoflurane administration may be related to the hypotension and decreased glomerular filtration rate. Prolonged hypotensive anaesthesia with halothane can cause a decrease in renal function (Stone et al. 1981) . Twenty-four hours after halothane administration, serum creatinine levels were still significantly elevated. A transient but significant increase in serum creatinine was found after halothane anaesthesia in horses, indicative of reduced renal function during and immediately after anaesthesia (Steffey et al. 1993) .
Serum creatinine and BUN levels were also increased after isoflurane anaesthesia. An increase in serum creatinine and BUN levels was also found after isoflurane administration in humans (Mazze et al. 2000) . In guineapigs, isoflurane impairs the antioxidant defence system, and this oxidant stress may play a part in the isofluraneinduced renal toxicity (Durak et al. 1999) .
No changes were observed in these parameters after isoflurane anaesthesia in humans (Higuchi et al. 2001) .
It would be important to consider that both pain and distress may also influence some biochemical parameters. Consequently, in response to stress, a cascade of neurohumoral events, chiefly at the level of HPA axis (Sutanto & de Kloet 1994) , and increases in serum concentrations of various glucose-raising hormones can be observed (Toso et al. 1993) . Therefore, investigators should not revert to conscious experiments, which cause significant pain in rabbits, as a way of avoiding the changes during anaesthesia described in this study.
Based on the results of this study, we conclude that halothane stimulates the HPA axis. Isoflurane increases serum serotonin levels, but its effect on the HPA axis is not clear. Both anaesthetics altered selected biochemical parameters for a short time. Although most parameters remained within the normal range for the species, some of the changes in serum biochemical parameters were such that due care should be exercised in their interpretation in anaesthetized rabbits to avoid erroneous interpretation of biochemical data in anaesthetized or recovering rats.
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